Histones of heterochromatin are deacetylated in yeast and methylated in more complex eukaryotes to regulate heterochromatin structure and gene silencing. Here, we report that histone H2A phosphorylated at serine 129 (γH2A) in Saccharomyces cerevisiae is a conceptually new type of heterochromatin modification that functions downstream of silent chromatin assembly. We show that γH2A is enriched throughout yeast telomeric and silent mating locus (HM) heterochromatin where γH2A results from the action of kinases Tel1 and Mec1. Interestingly, mutation of γH2A has no apparent effect on the binding of Sir (silent information regulator) complex or on gene silencing. In contrast, deletion of SIR3 abolishes the formation of γH2A at heterochromatin. To address the function of γH2A, we used a Δrif1 mutant strain in which telomeres are excessively elongated to show that γH2A is required for the optimal recruitment of Cdc13, a regulator of telomere elongation, and for telomere elongation itself. Thus, a histone modification that parallels Sir3 protein binding is shown here to be dispensable for the formation of a silent structure but is important for a crucial heterochromatin-specific downstream function in telomere homeostasis.
Introduction
Heterochromatin is that portion of the genome that is cytologically condensed throughout the cell cycle in eukaryotic organisms. In budding yeast, telomeres and the silent mating type loci (HML and HMR) assume a heterochromatin-like structure whose integrity is important for processes such as epigenetic silencing,1 chromosomal cohesion,2 and telomere homeostasis.3 , 4 Several factors are known to be important for the establishment and maintenance of heterochromatin. At telomeres and HM loci, these include Rap1, the Sir complex (Sir2, Sir3 and Sir4) and the N termini of histones H4 and H3. 5 Rap1 initiates the formation of telomeric heterochromatin at its cognate recognition sequence and recruits Sir4. This starts the process of Sir complex recruitment which then deacetylates and spreads along the H4 N-terminus. 5 The Sir proteins then form a subsequent higher order structure by their interaction with the unacetylated H3 N terminus.6 While all known histone acetylation sites are hypoacetylated in heterochromatin, it has been reported that the histones in yeast heterochromatin contain arginine methylation, which may have effects on silencing. 7 -9 γH2A (γH2AX in mammalian cells) refers to the form of histone H2A phosphorylated at serine 129 (serine 139 for γH2AX).10 , 11 γH2A is known to be generated at DNA doublestrand break (DSB) sites where it can spread up to approximately 50 kb along the chromosome.12 , 13 γH2A has also been detected at stalled replication forks and fragile sites. 14 -16 γH2A is required for the recruitment of the NuA4 histone acetyltransferase complex, Ino80 and Swr1 chromatin remodeling complexes, and the cohesin complex to DSBs to facilitate their repair. 13 , 17 -20 Therefore, yeast strains carrying a mutation at the serine 129 residue of histone H2A are sensitive to DNA damaging reagents such as methyl methanesulphonate or camptothecin.11 ,21 Although γH2A(X) is commonly known to be induced by exogenous DNA damage, γH2A(X) can also be observed under unchallenged conditions in yeast cells, 15, 16 , 22 human cells23 and Xenopus laevis eggs/early embryos. 24 To date, however, there has been no function ascribed to the "endogenous" levels of γH2A. 22, 15 In order to characterize the function of this endogenous γH2A, we first carried out highresolution genome-wide localization analysis of γH2A in unperturbed yeast cells and then scrutinized the effects of mutating the acceptor site in yeast H2A under normal growth conditions. We identify a role for γH2A in telomere length maintenance. The telomere length defect in the γH2A mutant cells can be traced to lower levels of telomere-bound Cdc13 proteins.
Results
γH2A is enriched at telomeres and its occurrence depends on telomeric heterochromatin formation but not vice versa. To determine the precise genome-wide localization of γH2A in unchallenged cells, we performed ChIP-chip (chromatin immunoprecipitation followed by microarray) analysis using asynchronously growing wild-type yeast cells. ChIP was performed using an anti-γH2A antibody, and the precipitated DNA was hybridized to a S. cerevisiae whole genome high-density tiling array, covering the entire genome at 5 bp resolution. The distribution of γH2A at a representative chromosome (Chromosome III) is visualized in Figure 1A , and the remaining 15 chromosomes in Figure S1 .
In order to address whether γH2A is enriched at specific features of the genome, we performed statistical analysis on the level of γH2A enrichment at genomic features obtained from the SGD project ("Saccharomyces Genome Database" ftp.yeastgenome.org/yeast/). Our analysis shows significant γH2A enrichment at telomeres, pseudogenes, open reading frames (ORFs) and upstream and downstream regions of replication origins (ARSs) ( Table  1 ). The enrichment of γH2A around ARSs is most likely due to replication fork stalling as previously described in reference 14 , and we did not pursue this further. Moreover, during the preparation of this manuscript, two separate studies on the genome-wide distribution of γH2A in unperturbed cells of Saccharomyces cerevisiae and Schizosaccharomyces pombe focusing on replication pausing and genomic integrity were published. 15, 16 Instead, we chose here to characterize the role of γH2A at telomeres where γH2A is most strongly enriched.
To obtain more insight into the distribution pattern of γH2A at telomeres, we compared γH2A to the genome-wide binding pattern of heterochromatin protein Sir3. 6 Our data demonstrate a striking overlap between the enrichment of γH2A and Sir3 binding. The overlap between γH2A and Sir3 at four representative telomeres (TEL03L, TEL06R, TEL11R and TEL15L) is shown in Figure 1B . The remaining 28 telomeres are presented in Figure S2 . The level of γH2A mirrors that of Sir3 at most telomeres (Figs. 1B and S2) and at the silent mating loci HML and HMR (Fig. 1C) . Therefore, γH2A localizes to heterochromatic regions in general. Our conclusion is generally in agreement with the results of Szilard et al. 15 but in marked contrast with the work by Kim et al. 22 which suggested that heterochromatin is refractory to γH2AX modification in yeast and mammals. Using ChIP combined with PCR of select loci, Kim et al. observed a substantial amount of enrichment of γH2A at a few telomeres but not at HML or HMR. However, our scan of the entire HML and HMR region by high resolution ChIP-chip shows that γH2A exists throughout both HML and HMR (Fig. 1) . This was further confirmed by standard ChIP combined with PCR (Sup. Fig. 3 ). Furthermore, we observe an anti-correlation between RNA polymerase II (RNAP II) binding and γH2A level at ORFs (Sup. Fig. 4) and pseudogenes, where RNAP II binding is generally low (Table 1 and data not shown). Therefore, γH2A is strongly enriched at heterochromatin but is also more weakly enriched at genomic regions of inactivity.
We next asked whether we could assign a cause and effect relationship between the colocalization of γH2A and the Sir complex. First, we examined whether the binding of the Sir complex is dependent on γH2A. We monitored the binding of the Sir complex at TEL06R ( Fig. 2A) by ChIP using antibodies specific for Sir3 and Sir4 in a wild-type H2A strain and a mutant strain bearing the HTA1 gene with alanine substituted for serine at residue 129 (hta1 S129A ). 11 However, neither the binding level of Sir3 nor Sir4 was reduced in an hta1 S129A mutant ( Fig. 2B and C) . Therefore, γH2A is not required for the binding of these Sir complex proteins.
Next, we asked whether the formation of γH2A at the telomere is dependent on the Sir complex. The level of γH2A was measured at TEL06R by ChIP in a wild-type SIR3 strain and a sir3Δ strain, in which the entire Sir complex is prohibited from spreading into the subtelomeric region. 25 Since the level of histone enrichment is known to be particularly high at subtelomeres, 26 we also controlled for the level of histone H2A using an anti-H2A antibody in these ChIP experiments. We find that γH2A is significantly reduced at TEL06R in the sir3Δ strain (Fig. 2D) . Similarly, γH2A at the HM loci was also Sir3 dependent (data not shown). Therefore, the Sir complex enables the formation of γH2A, generating a bona fide feature of heterochromatin.
Telomeric γH2A is mainly dependent upon Tel1
We then wished to determine the identity of the kinase(s) responsible for generating subtelomeric γH2A. Since it is known that the serine 129 residue of H2A is a target of the Tel1 and Mec1 kinases, 11 we performed ChIP for γH2A with cells mutant for these kinases. We measured the level of γH2A at TEL06R and observed a notable drop in the tel1Δ deletion strain (Fig. 2E ). Because deletion of the MEC1 gene is lethal in yeast, we utilized a strain with the mec1-21 mutation to abolish Mec1 activity. 27 We found that the mec1-21 mutant by itself had little effect on the level of γH2A in a wild type TEL1 background (Fig.  2E) . However, the Mec1 kinase does play a role in a tel1Δ background since the residual telomeric γH2A in a tel1Δ strain was completely abolished in the tel1Δ mec1-21 double mutant (Fig. 2E ). γH2A at the silent mating type loci, HML and HMR, is also mediated by Tel1 and Mec1. However, the two kinases act in a more redundant manner at the HM loci since neither kinase by itself has a large effect on the level of γH2A at HML and HMR whereas the tel1Δ mec1-21 double mutation abolishes γH2A at the HM loci (Sup. Fig. 3 ). We conclude that Tel1 and Mec1 kinases are required for γH2A presence at heterochromatin in yeast, with Tel1 acting as the predominant kinase at subtelomeric heterochromatin.
γH2A does not play an obvious role in telomeric gene silencing
To address the function of subtelomeric γH2A, we asked whether γH2A is required for the gene silencing function of heterochromatin. We first found that repression of HML was unaffected by the hta1 S129 mutation (Sup. Fig. 5A ). Since silencing is more easily disrupted at telomeric heterochromatin, we examined repression of a subtelomeric marker, YFR057W and an ADE2 reporter gene inserted at TEL06R, as well as a URA3 reporter gene inserted into TEL07L. In all cases, silencing is still robust despite the hta1 S129 mutation (Sup. Fig.  5 ). Therefore, unlike other histone modifications that are enriched at heterochromatin, 8, 9, 28 γH2A is associated with silent chromatin but is not required for gene repression.
γH2A peaks at late S to G 2 /M phase of the cell cycle and promotes telomere elongation in a Δrif1 background
The abundance of subtelomeric γH2A suggests nonetheless that it may have a function at the telomere. γH2A at the telomere is dependent mainly on the Tel1 kinase (Fig. 2E) , which is required for the recruitment of the telomerase complex to telomeres. 29 Furthermore, γH2A at the telomere peaks from late S to G 2 /M phase of the cell cycle when measured by ChIP in a wild-type yeast culture released from α-factor arrest in G 1 phase (Fig. 3A) or in cells arrested in early S phase or metaphase (Fig. 3B) , coinciding with the timing of telomerase action. 30 Therefore, we asked whether γH2A is important for the elongation of telomeres. Telomere length regulation is achieved through the equilibrium between two opposing activities. 31 The single strand DNA binding Cdc13 protein and the double strand DNA binding heterodimer complex yKu70/80 bind to telomeres and independently interact with and recruit the telomerase complex to the telomere. 31 In contrast, the Rap1/Rif1/Rif2 complex binds to telomeres and inhibits telomerase recruitment, thereby preventing excessive elongation of telomeres. 31 To test whether γH2A affects telomere elongation, we compared the length of telomeric repeats in wild type and hta1 S129 mutant cells using a Southern blot assay ( Fig. 4A and B) . Neither hta1 S129A nor hta1 S129E had a large effect on telomere length in an otherwise wild type background (Fig. 4B lanes 1-3 and C) . Nor was γH2A important at the short telomeres of a yku70Δ strain (Fig. 4B lanes 4-6 and C) . However, when the serine 129 residue of H2A was mutated to alanine in a rif1Δ or rif2Δ background, in which telomeres are elongated, there was a notable decrease in telomere length compared to strains carrying the wild type histone H2A (Fig. 4B lanes 7 and 8, 10 and 11 and C). Importantly, when serine 129 was mutated to glutamic acid (which mimics the negative charge of a phosphorylated serine) in a rif1Δ or rif2Δ background, telomere length was similar to that of strains with wild type H2A (Fig. 4B lanes 7 and 9, 10 and 12 and C). Therefore, γH2A is required for the proper elongation of telomeres in cells lacking RIF1 or RIF2 and the negative charge of the phosphorylated serine is important for this process.
γH2A acts through Cdc13 to promote telomere elongation in a Δrif1 background
We next sought to determine the biochemical pathway through which γH2A facilitates the elongation of telomeres by measuring the binding levels of Cdc13 and yKu80, the proteins through which telomerase is recruited to the telomere. We performed ChIP of C-terminally myc-tagged Cdc13 and yKu80 and compared the binding levels in strains HTA1 rif1Δ and hta1 S129A rif1Δ at TEL06R. Both proteins bound to a region 0.2 kb away but not to a region 5.0 kb from the telomeric repeats of TEL06R ( Fig. 4D and E ). However, the binding level of Cdc13 but not yKu80 dropped significantly in hta1 S129A rif1Δ (Fig. 4D and E) . Therefore, γH2A is required for the proper recruitment of Cdc13 to the telomere in a rif1Δ background, which helps explain the function of γH2A in telomere homeostasis.
Discussion
We show here that γH2A is a novel type of heterochromatin modification that is generated downstream of silent chromatin formation and plays a role in telomere homeostasis. The molecular mechanism by which γH2A functions in telomere length regulation appears to be different from that in DSB repair. At DSBs, γH2A is known to recruit the NuA4, Ino80 and Swr1 complexes through a direct physical interaction with the Arp4 protein, a common component of the three complexes. 17 γH2A is also required for the recruitment of the cohesin complex to DSBs. 13 However, Arp4 was not recruited to the telomere and although the cohesin complex is present at telomeres, its binding was not affected in an hta1 S129A mutant when tested by ChIP (data not shown). Instead, we show that the binding of Cdc13, which is recruited to telomeres but not to DSBs, was reduced in a γH2A mutant. However, even though the telomere elongation pathway and the DNA damage pathway must carry out two entirely different DNA maintenance processes to ensure the integrity of the genome, recent research has demonstrated that these two pathways do indeed share some of the same molecular components. Specifically, factors involved in the early phase of the DNA damage response (DDR) pathway such as the MRX (Mre11, Rad50, Xrs2) complex, the Tel1 and Mec1 kinases and the Exo1 and Sae2 exonucleases are required for telomere maintenance. 31, 32 γH2A is unique among the factors of the early DDR that participate in telomere maintenance in that it is the sole chromatin modification. Interestingly, γH2A, the quintessential indicator of DNA damage, is also involved in the protection of telomeres, the structure that evolved to prevent the ends of chromosomes from being mistaken for damaged DNA.
Recently, a study was published in which DNA polymerase pause sites in wild type yeast cells without any external perturbations were identified in a genome-wide manner. 33 This study showed that a few telomeres were among the sites where DNA polymerase stalls. Although it is known that γH2A accumulates at DNA polymerase pause sites in a Mec1 dependent manner, 14 it is unlikely that this could serve as the main explanation for γH2A enrichment at telomeres since γH2A is found at all telomeres and moreover, γH2A at telomeres was mainly dependent on Tel1 but not Mec1 (Fig. 2) . Instead we favor the hypothesis that the generation of γH2A by the recruitment of Tel1 to the telomere is part of an active process to ensure the proper maintenance of the telomere.
Why γH2A is enriched at the silent HM mating loci remains a mystery. It is possible that the HM loci are prone to DNA replication fork pausing and collapse. 34 Thus the Sir proteins may be responsible for recruiting γH2A for different post-silencing functions at the HM and subtelomeric heterochromatin.
Materials and Methods

Yeast techniques
Plasmids used in this study are described in Supplemental Table 1 . Yeast strains used in this study are described in Supplemental Table 2 . Deletion and modification of genes were achieved by plasmid-borne or standard one-step PCR based methods 35, 36 and verified by PCR, western blot and phenotypic analysis. Strains were grown in YPD at 30°C unless otherwise indicated.
Chromatin immunoprecipitation
ChIP was done as previously described in reference 37, except that the procedures from the fast ChIP method38 were followed for reversal of cross-linked chromatin and extraction of DNA for PCR. Rabbit polyclonal anti-Sir3 (347), anti-Sir4 (482) and anti-H2A (693) antibodies were generated in house and used at 1 µl, 5 µl and 4 µl, respectively, per 50 µl of cell lysate. The commercially available rabbit polyclonal anti-γH2A antibody (Abcam, ab15083) and mouse monoclonal 9E10 anti-myc antibody (Millipore, 05-419) were purchased and used at 4 µl and 3 µl respectively, per 50 µl of cell lysate. The specificity of the anti-γH2A antibody was validated for western blot 11 and ChIP (data not shown). Primer sequences are described in Supplemental Table 3 . Error bars shown are the standard deviation of triplicate ChIP experiments unless otherwise indicated.
Microarray methods
DNA was hybridized to the Affymetrix GeneChip ® S. cerevisiae Tiling 1.0R Array (P/N 900645) following the manufacturers protocol. Data normalization and analysis were performed by two sample comparison (input DNA as the control group) with the Affymetrix ® Tiling Analysis Software (TAS) v1.1.
Feature type analysis
Feature types were obtained from SGD. Exclusion of redundant features resulted in a comprehensive list of 20 genomic feature types. For each feature included in the genomic feature types, we calculated the enrichment level of γH2A. Furthermore, we calculated the enrichment level of γH2A for 500 bp up and downstream of each feature. Using an arbitrary cutoff (z-score = 1), we counted the number of features in each feature type category that was enriched for γH2A. p-values were obtained by performing a one-tail Fisher's exact test and applying Bonferroni correction to the data described above.
Southern blot
Southern blot analysis to determine the length of telomeric TG 1-3 repeats was performed using previously described protocols. 39, 40 Briefly, genomic DNA was extracted using standard glass bead-based procedures from yeast cells grown overnight. The extracted DNA was treated with RNase for approximately 3 hours and digested overnight with the XhoI restriction enzyme. 1 µg of digested DNA was run on a 0.8% agarose gel for 16 hr at 60 V. The gel was depurinated in 10 gel volumes of 0.3 N HCl for 15 min, denatured in 10 gel volumes of 1.5 M NaCl/0.5 N NaOH for 15 min and transferred overnight with 1.5 M NaCl/ 0.5 N NaOH to a Hybond N + membrane (Amersham Biosciences). The membrane was rinsed in 2× SSC, dried and UV irradiate to fix the DNA onto the membrane. The membrane was incubated in 10 ml Church buffer for 15 min at 44°C and then the buffer was replaced with an equal volume of Church buffer with a 32 P end-labeled TG repeat oligonucleotide probe (see Sup. Table 3 for sequence) and incubated overnight at 44°C. The membrane was washed twice with 50 ml 2× SSC/0.1% SDS for 5 min at room temperature, then twice with an equal amount of 0.2× SSC/0.1% SDS for 5 min at room temperature and then twice with an equal amount of 0.2× SSC/0.1% SDS for 15 min at 34°C. The membrane was rinsed in 2× SSC at room temperature, dried and exposed to a phosphorscreen and scanned.
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Refer to Web version on PubMed Central for supplementary material. Telomeric γH2A is dependent on the Sir complex and the PI-3-kinase-related kinases Tel1 and Mec1. (A) Schematic representation of the genes at the subtelomere of TEL06R and the positions of the probes used for PCR. (B and C) ChIP of Sir3 (B) and Sir4 (C) at TEL06R in a wild-type H2A strain (TKY307) and an hta1 S129A mutant strain (TKY308). Binding levels were first normalised to input DNA and further to an internal control region (ACT1). (D) ChIP of γH2A normalised to H2A level at TEL06R in a wild-type Sir3 strain (YDS2) and a sir3Δ strain (ASY110). The level of γH2A and H2A were first normalised to input DNA and further to an internal control region (ACT1). Then γH2A level was normalized by H2A level. (E) ChIP of γH2A at TEL6R in wild-type (Y300), tel1Δ (TKY301), mec1-21 (Y604) and tel1Δ mec1-21 (TKY605) strains. The level of γH2A was normalised to input DNA. (A) γH2A level at TEL06R was assessed by ChIP throughout the cell cycle. bar1Δ (MMY001) cells were synchronized in G 1 phase by α-factor arrest and released into YPD media containing protease by filtration. Samples were taken every 20 min. PCR probes are as described in Figure 2A and γH2A levels were normalized to input DNA. A representative result of three independent experiments is shown. Cell cycle phases were assessed by determining the binding of RNAP II on cell cycle regulated genes by ChIP. (B) γH2A level at TEL06R was assessed by ChIP in G 1 , S and M phases by cell synchronization. bar1Δ (MMY001) cells were synchronized in G 1 , S and M phases by treatment with α-factor, hydroxyurea (HU) and nocodazole, respectively. Quantitation was as described in (A). γH2A is important for telomere elongation. (A) Schematic representation of the subelement structure of a telomere. All telomeres contain X elements and they may be followed by up to four repeats of Y' elements. The core X element is followed by subtelomeric repeats (STRs) and TG [1] [2] [3] repeats exist in between X elements and Y' elements and also at the very end of the telomere. The XhoI restriction enzyme site is located approximately 850 bp away from the terminal TG 1-3 repeats within Y' elements. (B) Southern blot analysis showing the length of TG 1-3 repeats. Genomic DNA isolated from strains HTA1 (TKY307), hta1 S129A (TKY308), hta1 S129E (TKY309), HTA1 yku70Δ (TKY507), hta1 S129A yku70Δ (TKY508), hta1 S129E yku70Δ (TKY509), HTA1 rif1Δ (TKY517), hta1 S129A rif1Δ (TKY518), hta1 S129E rif1Δ (TKY519), HTA1 rif2Δ (TKY527), hta1 S129A rif2Δ (TKY528), hta1 S129E rif2Δ (TKY529) were digested with XhoI, run on a agarose gel, transferred to a nylon membrane and probed with a radioactive TG repeat probe (A). A representative result of five experiments is shown. (C) The average telomere repeat lengths of Y' elements in hta1 S129 mutant strains were quantified from (B) and are shown relative to wild-type H2A strains. (D and E) ChIP of Cdc13-myc (D) and yKu80-myc (E) at TEL06R in an HTA1 rif1Δ strain (TKY547B for Cdc13-myc, TKY577B for yKu80-myc) and an hta1 S129A rif1Δ mutant strain (TKY548B for Cdc13-myc, TKY578B for yKu80-myc). Table 1 γH2A
enriched feature types 
